Isotope-abundance variations of selected elements (IUPAC Technical Report)
Abstract: Documented variations in the isotopic compositions of some chemical elements are responsible for expanded uncertainties in the standard atomic weights published by the Commission on Atomic Weights and Isotopic Abundances of the International Union of Pure and Applied Chemistry. This report summarizes reported variations in the isotopic compositions of 20 elements that are due to physical and chemical fractionation processes (not due to radioactive decay) and their effects on the standard atomic-weight uncertainties. For 11 of those elements (hydrogen, lithium, boron, carbon, nitrogen, oxygen, silicon, sulfur, chlorine, copper, and selenium), standard atomic-weight uncertainties have been assigned values that are substantially larger than analytical uncertainties because of common isotope-abundance variations in materials of natural terrestrial origin. For 2 elements (chromium and thallium), recently reported isotope-abundance variations potentially are large enough to result in future expansion of their atomic-weight uncertainties. For 7 elements (magnesium, calcium, iron, zinc, molybdenum, palladium, and tellurium), documented isotope variations in materials of natural terrestrial origin are too small to have a significant effect on their standard atomicweight uncertainties.
This compilation indicates the extent to which the atomic weight of an element in a given material may differ from the standard atomic weight of the element. For most elements given above, data are graphically illustrated by a diagram in which the materials are specified in the ordinate and the compositional ranges are plotted along the abscissa in scales of (1) atomic weight, (2) mole fraction of a selected isotope, and (3) delta value of a selected isotope ratio.
INTRODUCTION
The standard atomic weights and their uncertainties tabulated by the International Union of Pure and Applied Chemistry (IUPAC) are intended to represent most normal materials encountered in terrestrial samples and laboratory chemicals. During the meeting of the Commission on Atomic Weights and Isotopic Abundances (CAWIA) at the General Assembly of IUPAC in 1985, the Working Party on Natural Isotopic Fractionation (now named the Subcommittee on Natural Isotopic Fractionation) was formed to investigate the effects of isotope-abundance variations of elements upon their standard atomic weights and atomic-weight uncertainties. The aims of the Subcommittee on Natural Isotopic Fractionation were (1) to identify elements for which the uncertainties of the standard atomic weights are larger than measurement uncertainties in materials of natural terrestrial origin because of isotopeabundance variations caused by fractionation processes (excluding variations caused by radioactivity), (2) to provide information about the range of atomic-weight variations in specific substances and chemical compounds of each of these elements, and (3) to examine critically the definitions and consistency of use of the footnotes in the Table of Standard Atomic Weights [1] and annotations in the Table of Isotopic Compositions of the Elements [2] . The purpose of this report is to compile ranges of isotopeabundance variations and corresponding atomic weights in selected materials containing 20 chemical elements (H, Li, B, C, N, O, Mg, Si, S, Cl, Ca, Cr, Fe, Cu, Zn, Se, Mo, Pd, Te, and Tl) from published data. The information in this report complements the bi-decadal Commission reviews of the atomic T. B. COPLEN et al. Chemistry 74, 1987 Chemistry 74, -2017 weights of the elements [3, 4] and the "Isotopic Compositions of the Elements 1997" [2] . Because of its focus on extreme values, this report should not be viewed as a comprehensive compilation of stable isotope-abundance variations in the literature; rather, it is intended to illustrate ranges of variation that may be encountered in natural and anthropogenic material.
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The atomic weight of an element in a specimen can be determined from knowledge of the atomic masses of the isotopes of that element and the isotope abundances of that element in the specimen. The abundance of isotope i of element E in the specimen can be expressed as a mole fraction, x( i E). For example, the mole fraction of 34 S is x( 34 S), which is n( 34 S)/[n( 32 S) + n( 33 S) + n( 34 S) + n( 36 S)] or more simply n( 34 S)/∑n( i S) or n( 34 S)/n(S), where n( i E) is the amount of each isotope i of element E in units of moles. Thus, if element E is composed of isotopes i E, with mole fractions x( i E), the atomic weight, A r (E), is the sum of the products of the atomic masses and mole fractions of the isotopes; that is, A r (E) = ∑x( i E)·A r ( i E). The atomic masses from the 1993 evaluation [5] have been used by CAWIA and are listed in this report. Isotope-abundance values that are free from all known sources of bias within stated uncertainties are referred to as "absolute" isotope abundances, and they can be determined by mass spectrometry through use of synthetic mixtures of isotopes. For many elements, the abundances of the isotopes are not invariant; thus, these elements have a range in atomic weight. This report includes data for 20 such elements in natural occurrences and in laboratory reagents.
Molecules, atoms, and ions in their natural occurrences contain isotopes in varying proportions, whereby they possess slightly different physical and chemical properties. This gives rise to partitioning of isotopes (isotope fractionation) during physical or chemical processes, and these fractionations commonly are proportional to differences in the relevant isotope masses. Physical isotope-fractionation processes include those in which diffusion rates are mass-dependent, such as ultrafiltration or gaseous diffusion of ions or molecules. Chemical isotope-fractionation processes involve redistribution of isotopes of an element among phases, molecules, or chemical species. They either can be (1) equilibrium isotope fractionations, when forward and backward reaction rates for individual isotope-exchange reactions are equal, or (2) kinetic isotope fractionations caused by unidirectional reactions in which the forward reaction rates usually are mass-dependent. In equilibrium isotope reactions, in general, the heavy isotope will be enriched in the compound with the higher oxidation state, and commonly in the more condensed state. Thus, for example, 13 C is enriched in carbon dioxide relative to graphite, and in graphite relative to methane, and 2 H is enriched in liquid water relative to water vapor. In kinetic processes, statistical mechanics predicts that the lighter (lower atomic mass) of two isotopes of an element will form the weaker and more easily broken bond. The lighter isotope is more reactive; therefore, it is concentrated in reaction products, enriching reactants in the heavier isotope. Examples of reactions that produce kinetic isotope fractionation include many biological reactions, treatment of limestone with acid to liberate carbon dioxide, and the rapid freezing of water to ice. Sulfate reduction by bacteria in respiration is an example of a biologically mediated kinetic isotope-fractionation process. Kinetic isotope fractionations of biological processes are variable in magnitude and may be in the direction opposite to that of equilibrium isotope fractionations for the same chemical species.
Isotopic equilibrium between two phases does not mean that the two phases have identical mole fractions of each isotope (isotope abundances), only that the ratios of these mole fractions are constant. Water vapor in a closed container in contact with liquid water at a constant temperature is an example of a system with two phases in H and O isotopic equilibrium; in this case, the concentrations of the heavy isotopes ( 2 H and 18 O) are higher in the liquid than in the vapor.
The distribution of isotopes in two substances X and Y is described by the isotope-fractionation factor α X,Y , defined by where n X ( i E) and n X ( j E) are the amounts of two isotopes, i and j, of chemical element E in substance X, in units of moles. We equally well could have used N X ( i E) and N X ( j E), which are the number of atoms of two isotopes, i and j, of chemical element E in substance X. In this document, the superscripts i and j denote a heavier (higher atomic mass) and a lighter (lower atomic mass) isotope, respectively. The isotope pairs used to define n( i E)/n( j E) in this report are 2 H/ 1 H, 7 Li/ 6 Li, 11 B/ 10 B, 13 
are the ratios of the isotope amounts in unknown X and a reference ref. A positive δ( i E) value indicates that the unknown is more enriched in the heavy isotope than is the reference. A negative δ( i E) value indicates that the unknown is depleted in the heavy isotope relative to the reference. In the literature, δ( i E) is commonly shortened to δ i E. In the literature, δ( i E) values of isotope ratios have been reported in parts per hundred (% or per cent), parts per thousand (‰ or per mill), and parts per ten thousand. In this report, δ ( i E) values are given in per mill; thus, the expression can be written (3) because a per mill is 1/1000, and 1000·1/1000 = 1. Note that per mill also is spelled per mil, permil, and per mille in the literature. The International Organization for Standardization [6] spelling is used in this report.
A single isotopic reference material defines the isotope-ratio scale of most of the elements listed in this report; however, it has been recognized that a single isotopic reference material can define only the anchor point of an isotope-ratio scale and not the magnitude (expansion or contraction) of the scale. Two reference materials are required to calibrate both scale magnitude and anchor point, as is done for the scales of H and O. Most isotopic reference materials are naturally occurring materials or are manufactured from materials of natural terrestrial origin; others have been produced from reagents whose isotopes have been artificially fractionated.
For each element E in this report, the standard atomic weight, A r (E), from "Atomic Weights of the Elements 1999" [1] is listed with its estimated uncertainty (in parentheses, following the last significant figure to which it is attributed). For zinc and molybdenum, the new standard atomic weights adopted at the 41 st IUPAC General Assembly in Brisbane in July 2001, based, respectively, on the work of Chang et al. [7] and Wieser and de Laeter [8] , are listed instead.
For most elements, data are graphically illustrated by a diagram in which the materials are specified in the ordinate and the compositional ranges are plotted along the abscissa on three scales: atomic weight, A r (E), mole fraction of a selected isotope, x( i E), and relative isotope ratio expressed as deviation from the isotope ratio reference, δ( i E). Mole fractions of the selected isotope are calculated from the relative isotope ratio by using the "absolute" isotope-abundance measurements of the reference for T. B. COPLEN et al.
the delta scale. Atomic-weight values are calculated from atomic masses and mole fractions of the isotopes, assuming mass-dependent fractionation among the isotopes. The three scales are related exactly for elements with two isotopes for which "absolute" isotopic compositions of the references are known. However, the scales may be mismatched in some cases: (1) for some elements, the "absolute" isotopic composition of the reference may not be known to within the precision of the common relative isotoperatio measurements; (2) calculations of atomic weights for polyisotopic elements are subject to additional, usually negligible, adjustments based either on additional isotope-abundance measurements or on an assumption about the mass-dependent isotope fractionation of isotopes that commonly are not measured. The section for each element tabulates the isotopic composition of a real or hypothetical material with delta value of 0 ‰; commonly, this material has been used for the best "absolute" isotope measurement as reported by Rosman and Taylor [2] . For many elements, the atomic weight derived from the best measurement is significantly different from the standard atomic weight. This difference results because (1) the standard atomic-weight uncertainty is limited to a single digit and the two cannot match exactly, or (2) A r (E) was assigned to be in the center of a range of natural isotopic variation-this is the case for H, Li, B, C, N, O, Si, and S-and may be greatly different from that of the best measurement material.
With the proliferation of microprobe techniques for isotope measurements, large variations in isotopic composition have been found in source materials over distances of the order of 1 to 1000 µm [9] . Such data are excluded from this compilation, as are data from extraterrestrial materials and from elements exhibiting isotope variation caused by radioactivity.
Although the data presented in this report may allow reduction in the uncertainty in atomic weight of a material, the reader is warned that when critical work is undertaken, such as assessment of individual properties, samples with accurately known isotope abundances should be obtained or suitable measurements made. Since 1993, the Commission has recommended [11] that stable H relative isotope ratios be reported relative to the International Atomic Energy Agency (IAEA) reference water VSMOW [also distributed by the National Institute of Standards and Technology (NIST) as RM 8535], which is assigned a δ( 2 H) value of 0 ‰ on a scale normalized by assigning a value of -428 ‰ to IAEA reference water SLAP (NIST RM 8537). One water (GISP), 1 oil (NBS 22), 1 biotite (NBS 30), 1 polyethylene foil (PEF1, renamed IAEA-CH-7), and 3 natural gases (NGS1, NGS2, and NGS3) are secondary reference materials distributed by IAEA and/or NIST ( Fig. 1) [12] . In addition, IAEA distributes two reference waters enriched in 2 H for medical and biological tracer studies [13] . Compilations of H isotope-ratio variations and isotope-fractionation factors have been published [14] [15] [16] [17] [18] [19] to +129 ‰ in evaporated lakes in equatorial regions [20] . An unusual occurrence of water from a well in the Lacq natural gas field in France yielded δ( 2 H) values as high as +375 ‰ [21] ; a small amount of the water equilibrated at near-ambient temperature with a much larger amount of H 2 S with a δ( 2 H) value of -430 ‰. Agricultural food products contain meteoric waters with a range of δ ( 2 H) values, which may be reflected in tissues and fluids of birds and other animals consuming this food. The H isotope fractionation between plants and water in the local environment water is dependent upon evapotranspiration and species-specific variations during metabolic or biochemical processes. For example, citrus trees found in subtropical climates may undergo extensive evaporation, resulting in 2 H enrichment in cellular water-thus, 2 H of orange juice, for example, may be enriched by as much as 40 ‰ relative to local meteoric water [22] . Commercial compressed tank H 2 produced by electrolysis is variable in isotopic composition, but commonly it is only slightly depleted in 2 H relative to source water [e.g., δ( 2 H) = -56 ‰] [25] . H 2 produced as a by-product in petrochemical plants is depleted in 2 H, and its δ( 2 H) value is as low as -813 ‰ [25] . The lowest δ ( 2 H) value found for a material of natural terrestrial origin reported in the literature is -836 ‰ (Fig. 1) , for gaseous H 2 in natural gas from a Kansas (USA) well [23] . For this sample, A r (H) = 1.007 851 and the mole fraction of 2 H is 0.000 0255. The highest δ ( 2 H) value reported for a material of natural terrestrial origin is +180 ‰ for atmospheric H 2 [24] . For this sample, A r (H) = 1.008 010 and the mole fraction of 2 H is 0.000 1838. [25] . The δ( 2 H) scale and 2 H mole-fraction scale were matched using the data of Hagemann et al. [10] ; therefore, the uncertainty in placement of the atomic-weight scale and the 2 H mole-fraction scale relative to the δ( 2 H) scale is equivalent to ±0.3 ‰.
VARIATIONS IN ISOTOPIC COMPOSITION OF SELECTED ELEMENTS

Lithium 3 Li
A r (Li) = 6.941(2) The basis for relative abundance measurements of Li isotopes is IAEA isotopic reference material L-SVEC (NIST RM 8545) Li 2 CO 3 with an assigned δ( 7 Li) value of 0 ‰. In accordance with the recommendation of IUPAC [27] , δ( 7 Li) values are reported herein, though δ( 6 Li) values commonly are found in the literature. Two additional Li 2 CO 3 reference materials are available from the Institute of Reference Materials and Measurements (IRMM) in Geel, Belgium. IRMM-015 is highly depleted in 7 Li, and IRMM-016 is essentially identical in isotopic composition to L-SVEC [26] .
Sea water is approximately homogeneous in Li isotopic composition with a δ( 7 Li) value of about +33 ‰ (Fig. 2) . Lithium is supplied to the ocean primarily from two sources: (1) high-temperature (>250 ºC) basalt-ocean-water reactions [28] and (2) river input of weathering continental crust. Removal processes of lithium from the ocean include (1) low-temperature (<250 ºC) alteration of oceanic crust in which basalts take up lithium; (2) biogenic carbonate production-marine carbonates contain 2 mg/kg lithium on average; (3) biogenic opal and chert production-Quaternary radiolarian and diatomaceous oozes contain about 30 mg/kg Li; and (4) diagenesis of clay minerals and authigenic clay mineral production, which may be the most important sink for lithium [29] .
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Fig. 2
Lithium isotopic composition and atomic weight of selected lithium-bearing materials [25] . The δ( 7 Li) scale and 7 Li mole-fraction scale were matched using the data of Qi et al. [26] ; therefore, the uncertainty in placement of the atomic-weight scale and the 7 Li mole-fraction scale relative to the δ( Of the chemical elements discussed in this report, Li is particularly unusual because large amounts of Li have been isotopically fractionated by removal of 6 Li for use in hydrogen bombs. The remaining Li is substantially enriched in 7 Li, and some of this material has found its way into laboratory reagents and into the environment. An analysis of 39 laboratory reagents [30] showed a range in δ( 7 Li) of -11 to +3013 ‰. For the most enriched in 7 Li, A r (Li) = 6.9959 and the mole fraction of 7 Li is 0.9799. Values of δ( 7 Li) as high as +354 ‰ have been measured in ground water from a carbonate aquifer underlying West Valley Creek in Pennsylvania (USA), down-gradient from a Li processing plant [25] .
The lowest 7 Li content reported in a material of natural terrestrial origin is Li dissolved in ground water from a coastal aquifer in South Carolina (USA) with δ ( 7 Li) = -19 ‰ [25] . For this sample, A r (Li) = 6.9387 and the mole fraction of 7 Li is 0.9227. The highest 7 Li abundance reported in a material of natural terrestrial origin [δ( 7 Li) = +56.3 ‰] is found in pore water from a marine core [31] . For this sample, A r (Li) = 6.9438 and the mole fraction of 7 Li is 0.9278.
Boron
B A r (B) = 10.811(7)
Isotope Atomic mass Mole fraction in NIST SRM 951 boric acid [2, 32] 10 B 10.012 9371(3) u 0.198 27 (13) 11 B 11.009 3055(4) u 0.801 73 (13) The basis for the relative abundance measurement of B isotopes is NIST SRM 951 boric acid, which is assigned a δ( 11 B) value of 0 ‰. A second reference material, IRMM-011 boric acid, is identical (within measurement error) in isotopic composition to SRM 951. Two boric acid reference materials (IRMM-610 and SRM 952) depleted in 11 B are available [33, 34] . Three waters and five rocks are secondary reference materials to be distributed by IAEA (B-1 through B-8 in Fig. 3 ) [35] . Bassett [36] compiled and critically evaluated B isotope measurements prior to 1990. B isotope ratios have large variations (>90 ‰) in the terrestrial environment (Fig. 3 ). Not included in Fig. 3 is a δ( 11 B) value of -59 ‰ for a steam condensate from a fumarole at Larderello, Italy [37] , because analytical results could not be reproduced. In solution, coexisting boric acid is enriched in 11 B by 40 ‰ relative to neutral borate ions; consequently, B isotope fractionation can occur during precipitation and adsorption. B isotopes are fractionated during precipitation of salts from brines; precipitated salts are depleted in 11 B, thus enriching the remaining brine in 11 B [38] . B isotopes are fractionated by 30-40 ‰ by preferential adsorption of 10 B of dissolved B on clay minerals [39] .
The material of natural terrestrial origin with the lowest reported 11 Nonmarine evaporite deposits in California (USA) and Turkey yield large quantities of commercial B-bearing products, including laboratory reagents. These deposits are substantially depleted in 11 B relative to sea water; nonmarine B evaporites range in δ( 11 B) between -31 ‰ and +7 ‰ (Fig. 3) . (28) Beginning in the 1950s, isotope-abundance measurements of C isotopes were expressed relative to Peedee belemnite (PDB), which was assigned a δ( 13 C) value of 0 ‰. Because the supply of PDB is exhausted, IUPAC recommended in 1993 [11, 43 ] that δ( 13 C) values be reported relative to VPDB (Vienna PDB) by assigning a δ( 13 C) value of +1.95 ‰ on the VPDB scale to IAEA reference material NBS 19 CaCO 3 . Various carbonates, several CO 2 gases, 3 natural gases, 1 sugar, and 1 oil are secondary reference materials distributed by IAEA and/or NIST (see Fig. 4 ) [12, 25] . Reference materials in a subset of these are variably enriched in 13 C and intended for use mainly in medical and biological tracer studies [13] . Useful compilations of C isotope variations and isotope-fractionation mechanisms have been published [16] [17] [18] 25] . C occurs primarily in three reservoirs on Earth, sedimentary organic matter, the biosphere, and sedimentary carbonates, the latter having δ( 13 C) values near 0 ‰. Sedimentary carbonates with unusually low 13 C concentrations tend to be associated with organic matter or hydrocarbons. These reservoirs differ in isotopic composition because of different isotope-fractionation mechanisms. Kinetic isotope fractionation associated with photosynthesis preferentially enriches plant material in 12 C. This enrichment gives rise to organic sediments, coal, and crude oil with δ( 13 C) values near -25 ‰ (Fig. 4) . The predominant mechanism by which plants assimilate carbon is the C3 metabolic process (Fig. 4) , which generally results in δ( 13 C) of plants between -34 and -24 ‰. A second metabolic pathway (C4) utilized by plants in hot, dry, sunny environments (e.g., maize, sugar cane, and sorghum) yields more © 2002 IUPAC, Pure and Applied Chemistry 74, 1987 Chemistry 74, -2017 Isotope-abundance variations 1995 Fig. 3 Boron isotopic composition and atomic weight of selected boron-bearing compounds [25] . The δ( 11 B) scale and 11 B mole-fraction scale were matched using the data of Catanzaro et al. [32] ; therefore, the uncertainty in the placement of the atomic-weight scale and the 11 B mole-fraction scale relative to the δ( 11 B) scale is equivalent to ±0.8 ‰.
positive δ( 13 C) values ranging between -16 and -9 ‰. Animals commonly will have δ( 13 C) values within 2 ‰ of their food supply; thus, C isotope-ratio analysis of animal tissues and fluids provides information on diet. Although the variation in δ( 13 C) of ocean water is small (Fig. 4) , reported values in deep-sea pore waters range as high as +37.5 ‰ [44] , which is the most positive δ( 13 C) value of any C-bearing material of natural terrestrial origin in the literature. For this sample, A r (C) = 12.011 50 and the mole fraction of 13 C is 0.011 466. The lowest δ( 13 C) value (-130.3 ‰) reported in the literature for a material of natural terrestrial origin is for crocetane (2,6,11,15-tetramethylhexadecane) , produced at cold seeps of the eastern Aleutian subduction zone [45] . The value of A r (C) of this material is 12.009 66, and the mole fraction of 13 C is 0.009 629. 4 Carbon isotopic composition and atomic weight of selected carbon-bearing materials [25] . The δ( 13 C) scale and 13 C mole-fraction scale were matched using the data of Chang and Li [42] ; therefore, the uncertainty in placement of the atomic-weight scale and the 13 C mole-fraction scale relative to the δ( 13 C) scale is equivalent to ±2.5 ‰.
Nitrogen
N
A r (N) = 14.0067(2) The primary reference material for relative abundance measurements of N isotopes is atmospheric N 2 , which is homogeneous with respect to analytical uncertainties [47] and is assigned a δ ( 15 N) value of 0 ‰ (Fig. 5) . Various ammonium sulfates, several potassium nitrates, 2 ureas, and 1 tank of purified N 2 gas are secondary reference materials distributed by IAEA and/or NIST [12, 13, 48] . Some of these materials are highly enriched in 15 N and intended for use mainly in medical and biological tracer studies.
Compilations of N isotopic variations and isotope-fractionation mechanisms have been published [49] [50] [51] [52] . The ranges of isotopic composition and corresponding A r (N) of naturally occurring materials © 2002 IUPAC, Pure and Applied Chemistry 74, 1987 Chemistry 74, -2017 Isotope-abundance variations 1997
Fig. 5 Nitrogen isotopic composition and atomic weight of selected nitrogen-bearing materials [25] . The δ( 15 N) scale and 15 N mole-fraction scale were matched using the data of Junk and Svec [46] ; therefore, the uncertainty in placement of the atomic-weight scale and the 15 N mole-fraction scale relative to the δ( 15 N) scale is equivalent to ±1.1 ‰.
and reference materials are shown in Fig. 5 . An early report of very positive δ( 15 N) values in uranium ores [53] is not included because its results were not confirmed [54] . Atmospheric N 2 is the dominant N component in the combined atmosphere-biosphere-hydrosphere portion of the Earth, so the bulk δ( 15 N) value of accessible N at the Earth's surface is close to 0 ‰. However, N isotopes are strongly fractionated by a variety of chemical and physical processes, so common materials have variable isotope ratios. The mole fraction of 15 [56] . The lowest value of a natural biologic sample in the literature (-49 ‰) is for epibenthic algae from a saline pond in the same region of Antarctica, and may be due to a combination of low 15 N content in the nutrient source plus isotope fractionation during assimilation [56] . Slightly lower δ( 15 N) values were reported for N 2 O from ground water undergoing denitrification [57] , and the lowest δ Recent studies have rapidly expanded the limits for several of the subcategories of natural terrestrial materials, and it would not be surprising if the extreme values were exceeded in the future. It should be noted that large quantities of reagents and fertilizers manufactured and distributed for experimental purposes have 15 N mole fractions ranging from at least 0.000 016 to 0.99 [58, 59] . (Fig. 6 ) such that the δ( 18 O) of SLAP reference water (NIST RM 8537) is -55.5 ‰ exactly relative to VSMOW [11] . Marine carbonates commonly are expressed relative to the VPDB scale [11] , which differs by about 30 ‰ from the VSMOW scale (Fig. 6) . O-bearing gases com- (Fig. 6 ) [12] . In addition, IAEA distributes several reference materials for medical and biological tracer studies [13] .
Compilations of oxygen isotopic variations and isotope-fractionation mechanisms have been published [16] [17] [18] 25, 62] . As shown in Fig. 6 , the δ( 18 O) of atmospheric O 2 is constant within the uncertainty of analytical measurement [63] . [64] . The δ( 18 O) of bulk Earth is well represented by midocean ridge basalts (+5.7 ± 0.5 ‰), which cover much of the ocean floor [65] .
Mass-independent δ( 17 O) and δ( 18 O) isotopic variation has been observed in atmospheric O 3 , O 2 , N 2 O, H 2 O 2 , CO, and CO 2 [66, 67] and is attributed to discrimination between symmetric and asymmetric isotopic species during photochemical reaction [68] . Bao et al. [69] 18 O mole-fraction scale were matched using the data of Li et al. [60] and Baertschi [61] ; therefore, the uncertainty in placement of the atomic-weight scale and the 18 O mole-fraction scale relative to the δ( +4.6 ‰ enrichment in 17 O relative to the expected mass-dependent value. This is the first sulfate deposit on the Earth's surface reported to be enriched in 17 O. 17 O enrichments in excess of 20 ‰ relative to mass-dependent values have been reported for nitrate from the Atacama Desert, Chile [25] .
The lowest δ( 18 O) value found in the literature for a naturally occurring material is -62.8 ‰ for Antarctic precipitation [70] . For this sample, the corresponding A r (O) = 15.999 04 and the mole fraction of 18 [73] to the fact that "those workers apparently did not control their analyses as strictly as necessary." Using a multiple collector inductively coupled plasma mass spectrometer, Chang et al. [75] analyzed sea water, foraminifera, and SRM 980 Mg metal, and found variations spanning 4.5 ‰ (Fig. 7) . Four sea water samples were indistinguishable (+2.55 ± 0.12 ‰) in isotopic composition and have the highest 26 Mg content in the literature for a material of natural terrestrial origin (Fig. 7) . For these samples, the corresponding A r (Mg) = 24.3055 and the mole fraction of 26 Mg is 0.1103. Marine foraminifera were depleted in 26 Mg by 1.7 to 4.5 ‰ relative to sea water, consistent with a kinetic isotope fractionation of 1.8 to 2.5 ‰ during precipitation of calcite. The sample of natural terrestrial origin with the lowest 26 Mg content is a foraminifera with a δ( 26 Mg) value of -1.95 ‰ [75] . This value is consistent with the Magnesium isotopic composition and atomic weight of selected magnesium-bearing materials [25] . The δ( 26 Mg) scale and the 26 Mg mole-fraction scale were matched using the data of Catanzaro et al. [72] ; therefore, the uncertainty in placement of the atomic-weight scale and the 26 Mg mole-fraction scale relative to the δ( 26 Mg) scale is equivalent to ±2.1 ‰.
results of a cave study by Galy et al. [76] , which indicates that calcite is depleted in 26 Mg relative to water from which it is precipitating. For this sample, the corresponding A r (Mg) = 24.3046 and the mole fraction of 26 (Fig. 8) . These three reference materials have been used primarily for absolute isotope-abundance measurements.
The most comprehensive report on Si isotope variations is Ding et al. [78] . Other useful compilations of Si isotope variations and isotope-fractionation factors include Hoefs [15] and Douthitt [79] . Si does not have multiple redox states, and isotope-fractionation factors are not large. Low-temperature reactions involving, for instance, opaline sinter, biogenic opal, and clay minerals, produce the largest isotope fractionations (a few per mill). Extremes in the stable isotopic composition of naturally occurring Si-bearing materials are shown in Fig. 8 . An anomalous δ( 30 Si) value of -11.2 ‰ for a kaolin sample [80] is not included in Fig. 8 . Excluding that value, the lowest δ( 30 Si) value reported for a sample of natural terrestrial origin is -3.7 ‰, from biogenic sponge spicules [79] . For this sample, the corresponding A r (Si) = 28. 
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Fig. 8 Silicon isotopic composition and atomic weight of selected silicon-bearing materials [25] . The δ( 30 Si) scale and 30 Si mole-fraction scale were matched using the data of De Bièvre et al. [77] and a δ( 30 Si) value for IRMM-017 of -1.3 ‰ relative to NBS 28 [25] ; therefore, the uncertainty in placement of the atomic-weight scale and the 30 Si mole-fraction scale relative to the δ( 30 Si) scale is equivalent to ±0.23 ‰.
the literature for a sample of natural terrestrial origin is +3.4 ‰, from silicified algal matter in sediments [80] (Fig. 9 ). An elemental sulfur, 1 sphalerite, and various barium sulfates and silver sulfides are reference materials distributed internationally by IAEA and/or NIST [12] . Although most isotope fractionation of S isotopes is mass-dependent, mass-independent isotopic variation has been observed in sulfate and sulfide rock [83, 84] . Rumble et al. [84] report values for Sulfur isotopic composition and atomic weight of selected sulfur-bearing materials [25] . The δ( 34 S) scale and 34 S mole-fraction scale were matched using the data of Ding et al. [81] ; therefore, the uncertainty in placement of the atomic-weight scale and the 34 S mole-fraction scale relative to the δ( 34 S) scale is equivalent to ±0.2 ‰.
δ ( 33 S) of between -2 and +7 ‰ in excess of mass-dependent values for black shale with an age of 2.5 Ga.
The dominant mechanism of terrestrial S isotope fractionation is low-temperature bacterial sulfate reduction, whereby 32 SO 4 2-may react up to 1.07 times faster than 34 SO 4 2- [85] . As reduction proceeds, unreacted sulfate and product sulfide not mixed with earlier produced sulfide can acquire highly positive δ( 34 S) values. The highest value in the literature for a sample of natural terrestrial origin is +135 ‰ from dissolved sulfate in pore fluids in deep ocean sediments undergoing bacterial reduction at elevated temperature off the coast of Washington state (USA) [86] . For this value, A r (S) = 32.075 and the mole fraction of 34 S is 0.0473. Very negative δ( 34 S) values were found for biogenic H 2 S and metal sulfides in environments where the fraction of sulfate reduction was small, e.g., -50 ‰ for biogenic HS -in spring waters and boreholes [85] , pyrite in some Deep Sea Drilling Project sediment cores [87] , pyrite concretions in sedimentary rocks [86] , and hydrotroilite in river sediments [88] . The most negative δ( 34 S) value reported for a material of natural terrestrial origin is -55 ‰ for HS -under ice cover in a sewage treatment lagoon [25] . For this sample, A r (S) = 32.059 and the mole fraction of 34 S is 0.0398.
In a database of over 13 000 natural samples, the bulk of the oxidized forms were found to have δ( 34 S) values between +5 and +25 ‰, whereas the corresponding range for reduced forms was -5 to +15 ‰ [89] . Although the total variation in terrestrial δ( 34 S) values extends from -55 to +135 ‰, most commercial S comes ultimately from two reservoirs, lower crustal sulfide (mean ~+2 ‰) and oceanic sulfate (variable over geological time from +10 to +25 ‰). Some 40 laboratory reagents were found to have δ( 34 S) values ranging from -4 to +26 ‰, with a peak in the distribution near 0 ‰ [25] . Unfortunately, a working list with manufacturer and catalog number could prove misleading because BaSO 4 from the same manufacturer and catalog number was found to have δ( Most relative abundance measurements of Cl isotopes (Fig. 10 ) have been expressed relative to sea water chloride (SMOC or standard mean ocean chloride), which is thought to be isotopically homogeneous to within approximately ±0.15 ‰ by some investigators [92] . One isotopic reference material, NIST SRM 975 NaCl, is the basis of the absolute isotope-ratio determination of Cl [90] . Using a δ( 37 Cl) value of +0.43 ‰ for SRM 975 relative to sea water chloride [91] , the absolute isotope abundances of sea water chloride can be calculated, as listed above. Because the supply of SRM 975 is exhausted, it has been replaced by SRM 975a, which is depleted in 37 Cl by 0.23 ‰ relative to SRM 975 [25] . Xiao et al. [93] , report δ( 37 Cl) values as high as +0.94 ‰ for sea water from the Central Indian Ridge. Their results indicate that SMOC should be defined in terms of an internationally distributed homogeneous chlorine isotopic reference material and not random samples of sea water. Xiao et al. [91] purified NaCl from sea water for distribution as a new chlorine isotopic reference material, named ISL 354. IAEA will distribute this reference material, and it can serve as the anchor of the SMOC scale. Its δ( 37 Cl) value is +0.05 ± 0.02 ‰ relative to sea water chloride [91] . Discussions of Cl isotopic variations and isotope-fractionation mechanisms have been published [94, 95] . Cl isotopes are fractionated at low temperatures by molecular diffusion and ion filtration in ground water systems and by chloride mineral precipitation. Isotope fractionation in hydrothermal fluids may be caused by high-temperature equilibrium isotope exchange. Isotope fractionation during biochemical reaction has been observed during degradation of anthropogenic organic compounds.
The range of δ( 37 Cl) of naturally occurring samples is about 16 ‰ (Fig. 10) . The data of Vengosh et al. [96] are not used because these data have not been reproduced and the samples were analyzed without standard chemical preparation techniques. Chlorinated solvents have a range of δ( 37 Cl) values between -6 ‰ for methyl chloride [97] and +4.4 ‰ for trichloroethylene [98] . Chlorinated solvents are increasingly being found in ground waters, and it should not be surprising if these extreme values are exceeded in the future. The lowest δ( 37 Cl) value (-7.7 ‰) for a naturally occurring terrestrial material was reported for pore water from the Nankai subduction zone [99] . This low value is attributed to formation of clays that preferentially incorporate 37 Cl into their structure, enriching pore waters in 35 Cl. The corresponding A r (Cl) is 35.4497, and mole fraction of 37 Cl is 0.240 77. The most positive reported δ( 37 Cl) value for a sample of natural terrestrial origin is +7.5 ‰, for Cl in smectite from a Costa Rica Rift ocean drill hole [100] ; enrichment in 37 Cl was attributed to stronger bonding of Cl in solid phases relative to the aqueous solution. The corresponding A r (Cl) is 35.4553, and the mole fraction of 37 [103] , and NIST SRM 915a CaCO 3 [104] . 40 Ca may be a poor choice for the denominator in this isotope ratio because it is a product of 40 K radioactive decay; thus, the mole fraction of 40 Ca will vary with the age and K/Ca ratio of a material. Chlorine isotopic composition and atomic weight of selected chlorine-bearing materials [25] . The δ( 37 Cl) scale and the 37 Cl mole-fraction scale were matched using the data of Shields et al. [90] and Long et al. [91] ; therefore, the uncertainty in placement of the atomic-weight scale and the 37 Cl mole-fraction scale relative to the δ( 37 Cl) scale is equivalent to ±2.5 ‰.
Ca isotope ratios span a range of about 5 ‰ (Fig. 11) as a result of isotope fractionation in natural materials of terrestrial origin. Biologically induced Ca isotope fractionation in the fixation of Ca affects the distribution of Ca isotopes in the terrestrial Ca cycle. As dissolved Ca in sea water is incorporated into foraminifera, 40 Ca preferentially is fixed, increasing the δ( 44 Ca) of sea water. Thus, the δ( 44 Ca) of most biological samples is lower than that of sea water. In a survey of numerous materials, Skulan and DePaolo [105] found that Ca from bone and shell is depleted in 44 Ca relative to Ca of soft tissue from the same organism and relative to source (dietary) Ca. The lowest δ( 44 Ca) value (-2.17 ‰) in a sample of natural terrestrial origin was found in a cougar bone [105] . For this sample, A r (Ca) = 40.0778 and the mole fraction of 44 Ca is 0.020 82. The highest 44 Ca content [δ( 44 Ca) = +2.76 ‰] in a sample of natural terrestrial origin was found in egg white [105] . For this sample, A r (Ca) = 40.0784, and the mole fraction of 44 Ca is 0.020 92. Ca reagents can be found that are highly depleted in 44 Ca because elemental Ca can be prepared by an evaporation-distillation process [106] . Russell et al. [106] Relative Cr isotope ratios are based on n( 53 Cr)/n( 52 Cr) measurements and are expressed relative to NIST SRM 979 Cr(NO 3 ) 3 herein, which is assigned a δ( 53 Cr) value of 0 ‰ exactly. Cr isotope ratios span a range of about 6 ‰ (Fig. 12) . Previous work by Ball (1996) is not included in this report because there may have been analytical problems during isotopic measurements [25] . Calcium isotopic composition and atomic weight of selected calcium-bearing materials [25] . The δ( 44 Ca) scale and the 44 Ca mole-fraction scale were matched using the data of Moore et al. [101] and the determination by DePaolo that NBS 915a is depleted in 44 Ca relative to NBS 915 by 0.17 ‰ [25] ; therefore, the uncertainty in placement of the atomic-weight scale and the 44 Ca mole-fraction scale relative to the δ( 44 Ca) scale is equivalent to ±2 ‰.
Cr isotope ratios of reagent K 2 Cr 2 O 7 , Cr (VI) plating solution, and Cr (VI) in ground water have been reported [108] . The δ( 53 Cr) of reagent K 2 Cr 2 O 7 and plating solution is near 0 ‰. However, Cr (VI) contaminated ground water shows a large variation in Cr isotopic composition (+1.1 to +5.8 ‰) [108] . This large variation is attributed to preferential abiotic reaction during reduction of 52 Cr by about 3.5 ‰, based on experimental studies [108] . The δ( 53 Cr) value of +5.8 ‰ is the most positive for a material of natural terrestrial origin; for this material, A r (Cr) = 51.9982 and the mole fraction of 53 (27) Relative Fe isotope ratios are based on n( 56 Fe)/n( 54 Fe) measurements and can be expressed relative to IRMM-014 elemental Fe, which is assigned a δ( 56 Fe) value of 0 ‰ exactly. Fe can act as an electron acceptor under anaerobic conditions and as an electron donor under both anaerobic and aerobic conditions. Thus, there is the potential for kinetic fractionation of Fe isotopes during metabolic reactions. The n( 57 Fe)/n( 56 Fe) abundance ratio of ground water from a toxic waste site in South Carolina (USA) (JP-4 jet fuel spill) in a microbially mediated anaerobic zone was about 0.5 % greater than n( 57 Fe)/n( 56 Fe) of 0.5 N HCl leachates of aquifer sediment and was substantially greater than n( 57 Fe)/n( 56 Fe) of ground water from the up-gradient aerobic zone [110] . A recent summary of the variation in isotope abundances of Fe in natural materials and discussion of Fe isotope fractionation is given in Anbar [111] . The variation in δ( 56 Fe) is greater than 3 ‰ (Fig. 13) . Large variations were reported by Dixon et al. [112] , but they are not used herein because they contain internal inconsistencies among the isotope ratios according to Beard and Johnson [113] .
The δ( 56 Fe) of Fe in blood from 10 human males ranged from -2.9 to -2.5 ‰ [114] . The sample with a value of -2.9 ‰ has the lowest δ( 56 Fe) value in a naturally occurring terrestrial material. For this The basis for relative abundance measurements of Cu isotopes is the NIST SRM 976 elemental Cu, with a δ( 65 Cu) value of 0 ‰. Cu isotope ratios in natural materials span more than 14 ‰ (Fig. 14) . Isotopefractionation mechanisms and isotopic variations are discussed by Shields et al. [117] . Development of multiple collector plasma source mass spectrometry [118] has made isotopic analysis of Cu much easier and improved analytical precision substantially [119, 120] Moore and others [130] have determined the absolute isotope abundances of Mo; however, absolute isotope-abundance determinations have not been made for any specimen used in relative isotope-abundance investigations. Multiple collector plasma source mass spectrometry [118] has improved the analytical precision of the isotopic analysis of Mo and demonstrated natural isotopic variation. The material with the highest n( 98 Mo)/n( 95 Mo) ratio is ocean water, which is homogeneous in isotopic composition within ±0.1 ‰, and Siebert et al. [131] [133] reported evidence of isotope fractionation in a precious metal concentrate from the Atok mine in South Africa. A concentrate from a second mine, also from the Bushveld Complex, was not isotopically fractionated. Rosman et al. [134] reanalyzed these samples together with another four mineral concentrates and one highly refined sample of palladium metal (Table 1) .
Rosman et al. [134] confirmed that palladium samples with higher atomic weights are present in the Atok mine, which is located in the eastern part of the Bushveld complex. No enrichment was found in other samples, which all come from the western part of the Bushveld Complex. Rosman et al. concluded that isotope fractionation in the Atok mine sample was produced by natural geochemical processes rather than by industrial processing or purification. In contrast to mass fractionation effects, highly anomalous Te isotope abundances have been found near the Oklo natural fission reactor in Gabon [137, 138] . Thus, A r (Te) is highly variable and this variability is dependent upon many factors, such as the amount of fissiogenic Te present, neutron capture reactions involving Te nuclei, and the migration (retention) of precursor nuclei. For example, the range reported for the ratio n(fission product 125, 128, 130 Te)/n(primordial Te) for Zone 9 at Oklo was 81 to 190 [138] . The maximum corresponds to a mole fraction of 130 Te of about 0.8 as compared to 0.34 found for the "normal" abundance. Fission product Te isotopes increase A r (Te), so that A r (Te) is greater than 129. The basis for relative isotope-ratio measurements of Tl is the NIST isotopic reference material SRM 997 elemental Tl metal, with an assigned δ ( 205 Tl) value of 0 ‰. Development of multiple collector inductively coupled plasma mass spectrometry has improved Tl isotope-ratio measurements substantially; isotope ratios can be determined with a 1-σ standard deviation of better than ±0.05 ‰ [140] . The range in δ ( 205 Tl) of natural terrestrial materials is 1.6 ‰ (Fig. 15) The range in atomic weight of Tl in materials of natural terrestrial origin (204.383 24 to 204.383 91) extends outside the limits of the standard atomic weight (204.3833 ± 0.0002). In future meetings, CAWIA may consider expanding the atomic-weight uncertainty of Tl or consider adding a footnote g to Tl in the Table of Standard Atomic Weights to indicate that "geological specimens are known in which the element has an isotopic composition outside the limits for normal material."
SUMMARY AND CONCLUSIONS
The standard atomic weights and their uncertainties tabulated by the IUPAC Commission on Atomic Weights and Isotopic Abundances are intended to apply to most normal terrestrial materials and laboratory reagents. The minimum and maximum concentrations of a selected isotope in naturally occurring terrestrial materials for selected chemical elements reviewed in this report are given below: The numerical values above have uncertainties that depend upon the uncertainties of the absolute isotope abundance measurements of reference materials of the elements. Because there are no internationally distributed isotopic reference materials for the elements zinc, selenium, molybdenum, palla- 15 Thallium isotopic composition and atomic weight of selected thallium-bearing materials [25] . The δ( 205 Tl) scale and the 205 Tl mole-fraction scale were matched using the data of Dunstan et al. [139] and Rosman and Taylor [2] ; therefore, uncertainty in placement of the atomic-weight scale and the 205 Tl mole-fraction scale relative to the δ( 205 Tl) scale is equivalent to ±0.4 ‰.
dium, and tellurium, ranges in isotopic composition are not listed for these elements even though ranges may be measurable with state-of-the-art mass spectrometry. Two chemical elements, chromium and thallium, have isotope-abundance variations in materials of natural terrestrial origin that may exceed atomic-weight uncertainties. Preparation of isotopic reference materials for the elements zinc, selenium, molybdenum, palladium, and tellurium would improve comparability of isotope-ratio measurements among laboratories. In addition, IUPAC may consider preparation of guidelines for reporting relative isotope-abundance ratios of iron and calcium with respect to existing reference materials, such as IRMM-014 elemental iron and SRM 915a calcium carbonate.
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